The p53-binding domains of Mdm2 and Mdmx, two negative regulators of the tumor suppressor, p53, are validated targets for cancer therapeutics, but correct binding poses of some proven inhibitors, particularly the nutlins, have been difficult to obtain with standard docking procedures. Virtual screening pipelines typically draw from a database of compounds represented with 1D or 2D structural information, from which one or more 3D conformations must be generated. These conformations are then passed to a docking algorithm that searches for optimal binding poses on the target protein. This work tests alternative pipelines using several commonly-used conformation generation programs (LigPrep, ConfGen, MacroModel and Corina/Rotate) and docking programs (GOLD, Glide, MOE-dock and AutoDock Vina) for their ability to reproduce known poses for a series of Mdmx and/or Mdm2 inhibitors, including several nutlins. Most combinations of these programs using default settings fail to find correct poses for the nutlins but succeed for all other compounds. Docking success for the nutlin class requires either computationally-intensive conformational exploration, or an "anchoring" procedure that incorporates knowledge of the orientation of the central imidazoline ring.
INTRODUCTION
The tumor suppressor protein, p53, mediates cell-cycle arrest, senescence, or apoptosis in response to different types of cellular stresses such as oncogene activation, DNA damage, and hypoxia. [1] [2] [3] [4] Approximately 50% of human cancers have alterations in the p53 gene, resulting in inactivation or loss of p53, while in other cancers, p53 pathways are downregulated or otherwise disabled. Among the most important p53-disabling mechanisms is overexpression of a negative regulator named murine double minute 2 (Mdm2; Hdm2 in humans). 5, 6 A related negative regulator of the p53 pathway is Mdmx (also called Mdm4). Mdm2 and Mdmx have homologous p53-binding domains, both of which interact with the same N-terminal transactivation domain (NTD) of p53. Mdmx overexpression has been observed in a number cancers, 7, 8 including pediatric retinoblastoma. 9 Mdmx knockdown in breast carcinoma and retinoblastoma cell lines leads to p53-dependent growth-arrest or apoptosis. 7, 9, 10 Although more effort has gone into targeting Mdm2, these studies suggest that Mdmx is a potential chemotherapeutic target for certain cancers, particularly retinoblastoma. 11 Three dimensional structures of the p53NTD peptide with both Mdm2 and Mdmx have been determined. 12, 13 The structures show very similar protein folds and p53 binding modes, and together with mutagenesis studies, reveal the interactions important for binding. In particular, three hydrophobic residues on p53NTD -F19, W23 and L26 -occupy three hydrophobic pockets ( Figure 1 ) on Mdm2/Mdmx (termed the Phe, Trp and Leu pockets) and make substantial contributions to binding. 14 Development of drugs that rescue p53 function by disrupting the Mdm2/p53 interaction has been an important topic in cancer research. 15, 16 The first, and best characterized [17] [18] [19] [20] small molecule inhibitors of the Mdm2/p53 interaction were the nutlins, a series of tetrasubstituted imidazolines discovered by high-throughput screening (HTS). 21, 22 Nutlin analogs are currently in early clinical trials. 23, 24 The "MI" series compounds, based on a spiro-oxindole scaffold, contain a 6-chlorooxindole unit that mimics p53NTD Trp23. These compounds were developed by a structure-based de novo design strategy targeting Mdm2. [25] [26] [27] [28] [29] Benzodiazepinedione-based inhibitors were initially discovered by HTS against Mdm2, and were further optimized to improve pharmacokinetic properties. [30] [31] [32] [33] Amgen identified chromenotriazolopyrimidine derivatives as sub-micromolar Mdm2 inhibitors using HTS. 34 A recently discovered class of Mdm2/Mdmx inhibitors is based on an imidazole-indole scaffold. 35 All of the aforementioned chemical classes are well studied as Mdm2 inhibitors, but most of them are much weaker against Mdmx. WW298 (imidazoleindole derivative) is currently among one of the best reported inhibitors for Mdmx with K i = 11 µM. 35 Representatives of the five classes above have been co-crystallized with Mdm2. A co-crystal structure of the WW298/Mdmx complex is the only published Mdmx-small molecule structure available. Table 1 provides a summary of the available Mdm2/Mdmxsmall molecule complex structures, all of which are included in the present study.
Two classes of Mdmx inhibitors were not included in this study. Dimer inducing compounds developed by Roche revealed the possibility of dual inhibition of Mdm2 and Mdmx with similar affinity, 36 but we consider this unique dimer-induction mechanism as outside the scope of this work. Recent pyrrolidine derivatives that were developed as specific Mdm2 inhibitors have shown moderate activity towards Mdmx (K i = 2.11 µM), 37 but no structures of this compound in complex with either Mdm2 or Mdmx are available. The difficulty of obtaining Mdmx co-structures could be due to several factors such as poor expression, poor Mdmx solubility, and weak binding of the inhibitors. Attempts to study the binding orientation of nutlin-3a with Mdmx did not produce definitive results due to weak binding affinity and the dynamic behavior of the protein. 38 Although the nutlins are thought to bind Mdm2 and Mdmx in a similar orientation, some studies suggest that steric hindrance between nutlin-3 and Mdmx side chains M53 and Y99 may prevent nutlin-3 from binding to Mdmx in the same mode as it does to Mdm2. 39 Differences in the binding cavity have led to several hypotheses regarding the binding mode of nutlins with Mdmx. [38] [39] [40] A key component of structure-based drug discovery is computational docking, which seeks to position small molecules within the binding site of the target macromolecule in an energetically optimal fashion, and then score the resulting complexes to rank their binding affinity. [41] [42] [43] Docking programs have been in development and use since the early 1980s, 44 and over 50 different docking software packages such as GOLD, Glide, MOE, AutoDock, and Surflex-Dock are currently available to researchers. [45] [46] [47] [48] [49] [50] All docking programs require a 3D structure of the target protein, and even though modern docking programs search over 3D compound conformations, they also generally require an acceptable starting 3D structure for the compound. Therefore, a virtual screening pipeline that selects from a database of compounds represented in 1D (e.g., SMILES 51 ) or 2D (e.g., connection table) must include a separate step for the generation of initial conformers. Programs for this purpose include LigPrep, 52 ConfGen, 53 MacroModel 54 and Corina/Rotate. 55 These programs may also be responsible for enumerating stereoisomers, tautomers, and ionization states. The overall pipeline is illustrated in Figure 2 .
Previous studies on the performance of currently available docking programs have found that most can reproduce experimental binding poses with deviations averaging from 1.5 to 2 Å. 43, 56 It has been shown that the initial input ligand conformation affects binding pose determination, and therefore multiple initial ligand conformations for each ligand are typically required. 57, 58 Retrieving the correct binding conformation for nutlins with Mdm2 has been particularly difficult, 59 perhaps due to the complex stereochemistry 60 or the high dimensionality of the ligand's conformational space.
Here, we present systematic re-docking and cross-docking tests (dashed components of Figure 2 ) of the ability of four conformation-generation programs (LigPrep, ConfGen, Corina/Rotate and Macromodel) and four docking programs (GOLD, Glide, MOE-dock and AutoDock Vina) to correctly dock representatives of the five previously described Mdm2 inhibitor classes to Mdm2 and/or Mdmx. These programs typically have parameters that control the tradeoff between thoroughness of searching and computational cost, and our tests explore variations of these settings.
METHODS

Input structures and ligand preparation
Atomic structures of receptor-ligand complexes for ligand compounds 1-6 were taken from published structures deposited in the Protein Data Bank 61 as indicated in Table 1 . For compound 7 (nutlin-3a) bound to Mdm2, the complex structure was modeled from that of compound 1 (nutlin-2 bound to Mdm2). Hydrogen atoms were added to these heavy-atom ligand structures using the Protein Preparation Wizard in the Maestro suite from Schrodinger, 62 and the results were manually cross checked for correctness of bond order and protonation of hetero atoms. This program also performs a short energy minimization of the complex to relieve small geometry problems and steric clashes. For the tests involving 2D-to-3D conversion of ligand structures, the 2D chemical structures in SDF format were taken either from our in-house chemical database or from the PubChem compound database. 63 Care was taken that the chirality and ionization states were those of the known bound form, and this information was retained in subsequent 2D-to-3D conversion.
Conformation generation
The programs tested for the generation of multiple conformers for docking input were LigPrep, 52 ConfGen, 53 Corina/Rotate 55 and MacroModel-MTLM (mixed torsional/lowmode); 54 the selection of options controlling the cost and comprehensiveness of searching is described in Results. For the nutlin compounds, 1 and 7, an anchor-based strategy was also used. This type of method is most useful when studying an analog series where the binding orientation of the scaffold is known. During library preparation, the threedimensional coordinates of the scaffold are preserved and the ligand variations are enumerated in situ using virtual chemical reactions. Only the conformations of the new moieties are explored. For this study, anchor-based conformers were prepared in MOE using the QuaSAR-CombiGen module, and side-chain conformations for the resulting molecules were explored using low mode sampling with the scaffold fixed. The scaffold was defined as the central imidazoline ring oriented such that the two phenyl ring substitutions point into the Trp and Leu pockets.
Docking
The docking programs used were GOLD, Glide, AutoDock Vina and MOE-dock. The program GOLD 5 (Genetic Optimization for Ligand Docking) from Cambridge Crystallographic Data Center, UK 45 uses a genetic algorithm (GA) for docking flexible ligands into protein binding sites. The protein active sites were defined as extending 6 Å around the ligand positions observed in the crystal structures. For each of the GA runs, a maximum number of 100,000 operations were performed on a population of 100 individuals. GoldScore was used to rank-order the docked conformations, and the cutoff parameters for van der Waals and hydrogen-bond interactions were chosen as 4.0 and 2.5 Å, respectively. Glide v5.5 46, 47 has three choices for default docking simulations: standard precision (SP), high-throughput virtual screening (HTVS), in which conformational sampling is significantly reduced relative to SP, and extra-precision (XP), which is designed to reduce the false positive rate. Sampling in XP is more extensive, using the results from SP docking as a starting point generating a more fine-grained set of conformers. In this study we have used Glide-SP except where use of Glide-XP is indicated. The Glide algorithm utilizes pre-computed grids generated using receptor sites defined by the centroids of the crystallographic ligands. The docking protocol starts with the systematic conformational expansion of the ligand, followed by placement in the receptor site. Minimization of the ligand in the field of the receptor is then carried out using the OPLS-AA force field with the default distance-dependent dielectric. The lowest energy poses are then subjected to a Monte Carlo procedure that samples nearby torsional minima. Different compounds can then be ranked using GlideScore, a modified version of the ChemScore function that includes terms for steric clashes and buried polar groups. Default van der Waal's scaling was used (1.0 for the receptor and 0.8 for the ligand). MOE-Dock is a part of the Molecular Operating Environment software package from Chemical Computing Group. 48 The active site was generated for each enzyme using the MOE alpha site finder. The ligand molecules were placed in the site with the Triangle Matcher method, and ranked with the London dG scoring function. The ten best poses (default is 30) were retained and further refined by energy minimization in the pocket, followed by rescoring with the GBVI/WSA dG scoring function. AutoDock Vina 1.1 49 is an open-source program for docking simulations. It uses the Iterated Local Search global optimizer algorithm 64 in which a succession of steps consisting of a mutation and a local optimization are taken, with each step being accepted according to the Metropolis 65 criterion. In the present study we have utilized the AutoDock plugin which can be incorporated in Pymol 66 to analyze the binding sites and prepare the input parameters for AutoDock Vina runs. The grid box parameters were generated with the default selection around the crystallographic ligands and these parameters were utilized to generate the configuration file to run the AutoDock Vina. The receptor structural information required by the program (the pdbqt files) were generated using Pymol with the AutoDock plugin, and the ligand pdbqt files were generated by utilizing scripts included in the Molecular Graphics Laboratory (MGL) tools. 67 
Evaluation of dock poses
The straightforward use of root mean square deviation (RMSD) from the crystal structure as a measure of docking accuracy is subject to artifacts when equivalent, but differently indexed atoms are carried into one another by ring flips or other transformations performed in docking or conformation generation. We have therefore chosen, for each compound, a subset of heavy atoms not subject to such problems for RMSD comparisons ( Figure S1 ). In evaluating cross-docking results, protein structures must first be superposed, and this was done so as to minimize the RMSD of Cα atoms using the superposition method included in Pymol and these aligned structures were utilized for all docking experiments in this study. RMSD calculations for ligand poses were done using the superposition module of Maestro v9. In addition to an RMSD criterion of docking success, we have also required that the ligand moieties that occupy the Trp, Leu and Phe pockets of the binding site are observed, by visual inspection, to occupy these sites ('pocket occupancy test').
such compounds in complex with Mdm2. Also included are a crystal structure of WW298 with Mdmx, and a model of a nutlin-3a-Mdmx complex based on the assumption that the binding mode is homologous to that of nutlin-2 with Mdm2. These compounds are shown in Table 1 .
Comparison of available crystal structures
The Mdm2/Mdmx inhibitors considered in this study possess moieties that mimic the hydrophobic side chains of the p53-NTD that are essential for binding: F19, W23 and L26. Superposition of the crystal structures of Mdm2 bound with compounds 1, 2, 5, or 6, shows that the protein has negligible conformational differences at the binding sites when binding these diverse scaffolds ( Figure 3A ). The crystal structure of Mdm2 co-crystallized with the MI63-analog (compound 4) shows a significant reorientation of Y67, which makes up part of the Phe-binding pocket, suggesting some localized induced-fit phenomena in the MI63 case ( Figure 3B ). The sole crystal structure of Mdmx with a bound drug, the indoleimidazole derivative, WW298 (compound 3) has an overall binding-site shape very similar to those of the Mdm2 structures, but there are some differences at the Leu-binding pocket due to sequence differences ( Figure 3C ). The similarity of protein structure found in these comparisons implies that docking protocols that focus on ligand flexibility but not protein flexibility should have an acceptable success rate.
Bridging water molecules are found in the complexes of compounds 2 and 5 with Mdm2 but not in the others. Because bridging water was not a consistent feature, we did not attempt to include them in the present docking tests.
Tests using ligand conformations from co-crystal structures
Ligand coordinates were taken from the six co-crystal structures and processed for use in docking algorithms as described in Methods. Correct bond order and ionization state were verified manually. These ligand conformers were taken as input coordinates to the four tested docking programs in re-docking (docking a ligand against the protein coordinates of the co-structure with that same ligand) and cross-docking (docking against protein coordinates of a co-structure with a different ligand). Because initial ligand coordinates were taken directly from the co-structures, these tests evaluate only the docking component of the pipeline (Figure 2 ) and exclude any effects from conformation generation. For each program, we took the 10 best scoring poses and determined the lowest RMSD relative to the crystallographic pose. A success was defined as RMSD ≤ 2.0Å and passing the pocket occupancy test as detailed in Methods.
Re-docking-All four docking programs performed well in re-docking experiments (diagonal elements of Figure 4 ). AutoDock Vina performed best by achieving an RMSD < 1.0 Å for all six re-docking tests, while the other programs had RMSD values between 1.0 and 2.0 Å for one of the six. Although Glide achieved a satisfactory RMSD (1.31 Å), it failed the pocket occupancy test for compound 1 (nutlin-2) due to a ring flip that left an ethoxy group protruding into solvent rather than placed in the Phe pocket. However, when the test was rerun using the extra-precision option (Glide-XP) instead of the standard-precision option (Glide-SP), the correct orientation was found and the RMSD fell to 0.39Å ( Figure 5A vs. B). Docking compound 7 (nutlin-3a) into the Mdm2 coordinates from the nutlin-2 co-structure, 1RV1, is not strictly a re-docking test, but it is germane given the structural similarity of the two compounds, 1 and 7. GOLD performed poorly on this test when using the default settings; the lowest RMSD found was 3.75Å, and the pose was clearly incorrect (Figures 4  & 5C) . We explored various alternatives to the default settings and found that the problem lay in the "early termination" option. This feature stops the search when 3 docked solutions within 1.5 Å of each other are found. Upon switching off the early termination option, the RMSD was reduced to 1.73Å and the pose had correct contacts with all three hydrophobic pockets ( Figure 5D ). Other evaluations of GOLD docking have found that turning off early termination provides more robust results but can significantly increase computational costs. 57 With respect to the re-docking tests, including compound 7 into 1RV1, the most successful programs using recommended settings were MOE-dock and Autodock Vina. In the six strict redocking tests, these programs achieved binding poses within 2.0 Å RMSD for all tests; Autodock Vina achieved poses within 1.0 Å for all six, and MOE dock achieved poses within 1.0 Å for all but compound 4. Both programs placed the correct moieties into the correct binding pockets in all six re-docking tests as well as the 7-into-1RV1 test. GOLD and Glide-SP performed nearly as well by RMSD in most tests, but failed to find correct pocket contacts in at least one case, and had to be re-run using more computationally intensive settings to correct these failures.
Cross-docking-In cross-docking runs, AutoDock Vina performed best by passing 32 out of the 35 cross-docking tests (Figure 4) . The performance of MOE-dock was close (31/35), and GOLD and Glide-SP tied (23/35). For non-nutlins (compounds 2-6), the cross-docking success rates were: AutoDock Vina and Glide (22/25), MOE-dock (21/25), and GOLD (19/25) . For the nutlins (1 and 7), both AutoDock Vina and MOE-dock succeeded in crossdocking tests with six protein structures, a 10/10 success rate, while GOLD and Glide-SP achieved only 4/10 and 1/10, respectively.
Aside from evaluating docking algorithms, re-/cross-docking studies can be used to select the single protein structure most likely to yield the highest docking success rate. Of the five structures of Mdm2 in complex with small molecules, the overall success of re-/crossdocking appears to be best with the 1RV1 structure (Mdm2 in complex with nutlin-2); AutoDock Vina achieved success with all 7 compounds, while GOLD, MOE-dock and GLIDE achieved success in 6 cases. There may be a slight pro-nutlin bias in this result; for the non-nutlins, the overall success rate is 19/20 with 1RV1, while the rate with 3JZK (compound 6 in complex with Mdm2) is 20/20. However, the one non-nutlin failure with 1RV1 occurs because of an RMSD of 2.0 Å, which is just on the success/failure threshold. Figure S2 compares the AutoDock Vina poses of all 7 compounds onto 1RV1, with those of the native crystal complexes.
In contrast, the overall failure rate was highest with the 3LBL structure (Mdm2 bound to compound 4, MI-63 analog). As noted above, this structure differs from the others by a rearrangement of Tyr67 causing the Phe-binding pocket to shrink. This is presumably related to the occupancy of this pocket by the neopentyl group of this compound, which is smaller than the corresponding groups of the other compounds. When compound 5, which all programs fail to cross dock into 3LBL, is superposed on the 3LBL structure based on the Mdm2/compound 5 complex, 1T4E, the iodo substituent at position 7, which in the native complex provides hydrophobic contacts in the Phe pocket, clashes with Tyr67.
Tests using computationally-generated ligand conformations
Testing the full workflow illustrated in Figure 2 requires dropping the use of crystallographic ligand conformations as inputs to docking and generating input conformers computationally. Typically, the conformation-generation programs can also explore alternative charge states, tautomeric states, and configurations at chiral centers. Here, we take bond structures from the literature and crystallographic studies, and use the programs for conformation generation only. The generated conformers are used as inputs to docking programs. Pose selection and success criteria are the same as those used in the tests with crystallographic ligand poses. In cases where multiple compound conformers are generated ahead of the docking component, 10 poses are selected from each docking run. Except where stated otherwise, both re-docking and cross-docking are considered equally, and the success percentages for a given compound or compound set include all possible re-and cross-dockings. 52 is a program that takes 2D chemical structures as input and, in the present usage, generates a single 3D structure as output. The structure is expected to be at or near a local energy minimum, but not necessarily either a global minimum or the optimal conformation for binding to the target. Indeed, the structure is calculated without reference to the target. Therefore, the task of conformational searching is left entirely to the docking algorithm. LigPrep-generated conformers of each of the 7 test compounds were docked against the six crystal structures. The results, summarized in Figure  6 , are worse for all docking programs compared to docking using crystallographicallydetermined binding conformations. Failures are most acute for the nutlin compounds, 1 and 7 ( Figure 6 vs. Figure 4 ) often due to a large error in overall orientation within the binding site ( Figure S3 ). For the non-nutlins, 2-6, results of MOE-dock starting from the LigPrep conformer are significantly worse than those starting from the co-structure conformer, while for GOLD, Glide-SP (which is part of the same Schrodinger tool-chain as LigPrep) and AutoDock Vina, the results are only slightly worse. These results show that it is problematic to rely on docking algorithms alone to find binding-relevant ligand conformations for the Mdm2/Mdmx targets. The nutlin failures are noteworthy because they occur regardless of whether the target Mdm2 structure is the nutlin co-structure (1RV1) or another.
A single conformer (LigPrep)-LigPrep
Multiple conformations from faster algorithms-Two widely used programs for generating multiple conformations of compounds, ConfGen and Corina/Rotate, were tested with default settings which, in both cases, are for relatively fast calculations at the expense of thoroughness.
ConfGen (v2.1) is part of the Schrodinger software suite; in standard mode it has four different prepackaged protocols: Very Fast, Fast, Intermediate and Comprehensive. We first tested ConfGen Fast, which generates up to 5 conformers per degree of freedom and eliminates redundant conformers at a threshold of 1.0Å RMSD. In addition, conformers whose energies are more than 25 kcal/mol above that of the lowest-energy conformer are eliminated. We also selected the option to minimize structures by the truncated Newton conjugate gradient (TNCG) method 68 using 100 iterations for input structures and 50 for output structures. The generated conformers were then utilized for re-/cross-docking in the same protocol as that used for the crystallographic ligand conformers discussed earlier. For the non-nutlin compounds, the success rate is significantly better than with the single LigPrep-generated conformer and very similar to that achieved using crystallographic compound conformers ( Figure 7A) . However, the performance is quite poor for the nutlins ( Figure 7B ). "Corina/Rotate Optimal" refers to the use of the Corina and Rotate programs with a set of search parameters designed for rapid generation of conformers for large scale virtual screening. Corina (v 3.44) is a rule-and data-based method for generating three-dimensional models from two-dimensional connection tables; it includes generation of alternative ring conformations. 55 Models output from Corina are used as input to the Rotate program (v 1.4) which varies the torsion angles of the acyclic portions of molecules based on rules derived from a statistical analysis of small molecule crystal structures from the Cambridge Structural Database. 69 The "optimal" parameter settings are, for Corina: rc (generate multiple ring conformations for rings less than 10 atoms), mc=10 (generate a maximum of 10 conformations per molecule), flapn (allow pyramidal ring nitrogens with one exocyclic neighbor to invert configuration when generating ring conformations), and sc (generate ring conformations simultaneously for efficiency); and for Rotate: rot=5 (process a maximum of the five most internal rotatable bonds), rms_ta=60 (cluster conformations in torsional space using an RMS cutoff of 60 degrees, and report only cluster heads). The results of applying Corina/Rotate Optimal with each of the docking programs are similar to those found with ConfGen Fast for the non-nutlins (compounds 2-6) results are comparable with those obtained with crystallographic conformers, while for the nutlins (compounds 1 and 7) the results are poor (Figure 7 ).
Multiple conformations from more comprehensive algorithms-We next ran
ConfGen and Corina/Rotate by changing parameters to enable more extensive conformational exploration at the cost of increased computational time; these parameter settings are called "ConfGen Comprehensive" and "Corina/Rotate Best", respectively. The ConfGen Comprehensive method generates up to 75 conformers per degree of freedom and uses an RMSD value of 0.5 Å to detect redundant conformers, and the threshold for eliminating higher-energy structures is 500 kJ/mol (119 kcal/mol). ConfGen Comprehensive also does more ring sampling (more conformers per ring, more ring combinations, and a higher energy limit for rings). 53 The same minimization parameters for input and output structures were selected as with the ConfGen Fast method. The Corina/Rotate Best method uses identical parameters for the Corina part as in the Optimal method, but conformational sampling is increased in the Rotate part by changing the two parameter settings: rot=7 and rms_ta=30.
Another comprehensive search algorithm tested was mixed torsional/low-mode sampling (MTLM) which is implemented in MacroModel 9.0. 54 It combines a Monte Carlo method of exploring torsional space that efficiently locates widely separated minima on the potential energy surface 70 with a low-mode conformational search method that searches along the energetically "soft" degrees of freedom. 71 The OPLS_2005 force field 72 is used, and energy minimization is 500 steps of the TNCG method. The energy window for saving structures is set to 21 kJ/mol (default value). The redundancy threshold is 0.5Å RMSD and redundant conformers are removed. A maximum of 1000 steps is allowed for the Monte Carlo sampling and a maximum of 100 steps is allowed for the low-mode searching. No cutoff for the maximum number of conformers to be generated was set. Default parameters were used for the remaining options.
All 3 of these more comprehensive conformer-generation methods increase computational costs relative to their faster counterparts. The comprehensive methods themselves take more computer time, but more significantly, each generated conformer must be put through the subsequent docking algorithm, leading to an overall cost that scales approximately like the number of generated conformers. The ConfGen Fast and Corina/Rotate Optimal methods generated an average of 11.7 and 7.1 conformations per compound, respectively, while the ConfGen Comprehensive, Corina/Rotate Best and MTLM methods generated 74.7, 183 and 101, respectively (Table 2) . Thus the more comprehensive methods' costs were approximately an order of magnitude more than those of the fast methods. Within either the fast or comprehensive family of methods, there is significant variation in the numbers generated both per compound and by method. In most cases (as in the averages) MTLM generates a number of conformers intermediate between ConfGen Comprehensive and Corina/Rotate Best, which generated the largest number of conformers.
For non-nutlins, the docking performance of the overall pipeline when comprehensive methods are used for conformer generation remains similar to that when the fast methods are used ( Figure 7A ), which is in turn similar to that using the crystallographic conformations. For nutlins, however, there is a marked improvement in docking performance when using the comprehensive methods ( Figure 7B ). Of these, ConfGen Comprehensive (which generates the smallest number of conformers for the nutlins) has the lowest success rate. Corina/Rotate Best and MTLM both performed well for nutlins, giving results similar to each other and comparable to the success rates found with non-nutlins. A rather surprising result is that the comprehensive methods can "rescue" docking programs that fail when given only the crystallographic pose (lines for GOLD and Glide-SP in Figure 7B ).
Anchored conformer generation for nutlins
In anticipation of a project (to be reported elsewhere) that would require the docking of a large number of nutlin derivatives, we developed a conformation generation method that would use existing knowledge regarding the nutlin pose in Mdm2. The idea was to "anchor" the conformations of the central imidazoline ring and the two moieties that bind in the Leu and Trp pockets, while allowing other degrees of freedom to be searched (see Methods for details). This anchoring strategy was applied only at the conformation-generation stage; in the docking stage no anchoring restraints were applied.
The Anchor-based method generated 17 conformers for the two nutlin derivatives, compared to 13 and 18 total conformers generated by ConfGen Fast and Corina/Rotate optimal, respectively. MOE-dock and AutoDock Vina yielded 100% success with anchor based conformers of both nutlin derivatives (compounds 1 and 7) while Glide-SP and GOLD provided correct poses in 9 and 7 instances out of 12 re-/cross-docking cases, respectively.
DISCUSSION
Mdm2 and Mdmx are targets of much current interest 16, 73 but have proven to be difficult targets for docking in virtual screening campaigns, particularly in the case of the nutlin class of compounds, which remain perhaps the best characterized and most promising class. 38, 59, 74, 75 We have therefore made a systematic study, using available structural data, of the ability of various conformation-generating and docking protocols to correctly predict the binding modes of known inhibitors. Our tests involved various combinations of four different docking programs and four different conformation-generating tools, all of which are widely used.
A test that one might expect any docking program to pass is re-docking, in which a known ligand/receptor complex structure is used as input and the docking program is asked to reproduce the known pose from that input structure. Re-docking success demonstrates a docking algorithm's ability to sample pose space and find the correct poses among its few top-scoring poses. For the available complexes of Mdm2 or Mdmx with a small-molecule ligand, all docking programs could successfully re-dock compounds in the test set although for one of them an extra-precision option had to be invoked to achieve success with nutlin-2. A somewhat more difficult test is cross-docking, in which a ligand conformation from one complex is taken as the starting point for docking against a receptor structure bound to a different ligand. Cross-docking probes a docking algorithm's ability to account for perturbations of the receptor conformations resulting from complexes with different ligands. (The docking algorithms tested here incorporate ligand flexibility, while receptor flexibility has not been included.) However, in the case of Mdm2 in complex with small-molecule inhibitors, we observed these receptor differences to be relatively small, implying that crossdocking should not be a major challenge. The relative lack of receptor variation from ligand to ligand has enabled us to focus the present study on issues of ligand flexibility without addressing receptor flexibility. It should be noted that cases of flexible receptors add an additional level of complexity that the methods explored here do not address. As expected, the cross-docking tests were mostly successful, although there was more variation from program to program, and the programs that had difficulty had their most acute problems with the nutlin class (Figure 4) . The re-and cross-docking tests involving compounds 2 and 5 and their corresponding Mdm2 protein structures were done without the bridging water molecules seen in crystal structures of the complexes. In spite of this, the re-docking tests succeeded with all docking programs, as did the cross-docking tests for compound 2. Somewhat more difficulty was encountered in cross-docking compound 5, but not as much difficulty as for the nutlins (Figure 4 ) and much of this difficulty was apparently associated with the rearrangement of Y67 noted above. Missing bridging water molecules do not seem to be a factor in difficulties with nutlin docking as the complex structure, 1RV1, 18 does not show any.
In typical, large-scale virtual screening campaigns, the correct docked pose must be identified with no foreknowledge of the bound ligand conformation. In such cases, it is critical that relevant 3D conformations be explored. Our tests of docking with the single LigPrep-generated conformers showed relatively poor overall performance, and complete failure in the case of the nutlins. The docking programs alone could not adequately search the compounds' internal degrees of freedom starting from an arbitrary (but sterically reasonable) point in conformational space. The limitations of docking algorithms in handling ligand flexibility have been observed previously, and methods to pre-generate a diverse set of starting conformers have been developed. 53, 55, 57, 58 For the non-nutlin compounds in our test set, these methods provided satisfactory results with standard parameter settings using our panel of docking algorithms. However, for the nutlins, the default settings of the multi-conformer generation programs were not sufficient. Success in docking nutlins with no foreknowledge of the correct pose was achieved only when much more comprehensive conformer generation was enabled. This more comprehensive search had little effect on the non-nutlin results apart from increasing compute time.
The use of more comprehensive conformation generation prior to docking as described in Figure 2 greatly increases computational cost, primarily because it increases the number of docking runs proportional to the number of conformations generated (Table 2) . If these more comprehensive calculations are only needed for a subset of the candidate compounds, it would be useful to identify in advance which compounds require additional sampling. It might be expected that larger and more flexible compounds require greater conformational exploration. However, the nutlins do not particularly stand out from the other compounds in terms of either molecular weight, number of rotatable bonds, radius of gyration, or flexibility as calculated by MOE's descriptors method (Table S1 ). 76 One possible explanation is that the nutlins have what might be called 'four hands for three pockets': in addition to the three moieties that fit in the Trp, Leu and Phe pockets, they have a piperazine moiety that the docking programs sometimes erroneously fit into one of these three pockets.
The apparent need for a more fine-grained search for starting conformations of nutlins for the docking programs suggests that docking success requires an input conformation quite close to the correct final conformation. To put it in a strong sense, it suggests that the docking programs have radii of convergence that are unusually small in the nutlin case. One might therefore expect that from the ensemble generated by the conformation-generation step of Figure 2 the conformer closest (in the RMSD sense) to the crystal structure conformer would be the one that, when submitted to docking, would lead to the correct pose. However, our findings show otherwise. A detailed examination of our results shows that while the successful inputs are indeed within 1.0 Å of the correct conformation, they may only be the 10th or 20th best in RMSD terms, compared to inputs that do not lead to docking success. In other words, the domain of input conformers that map, via docking, to correct output poses may lie within a region of conformation space expressible by a simple metric such as RMSD. Yet, within this region, the true domain for success is more scattered and complex. The chaotic behavior of docking simulations has been analyzed recently. 77 This complexity may explain our finding that sufficiently comprehensive conformation generation can "rescue" cross-docking failures.
For the particular problem of the nutlins docking against Mdm2 or Mdmx, we have found a practical solution by exploiting our knowledge of the complexes using an anchoring-based method. This allows conformational searching to be focused on those moieties that are to be varied in compound optimization efforts going forward. The computational costs are similar to those of the standard conformation-generation parameter settings of ConfGen Fast and Corina/Rotate Optimal.
We have tested four different docking programs, AutoDock Vina, Glide, GOLD and MOEdock. In several specific settings, such as cross docking from X-ray structures, there were significant differences in program performance (Figure 4 ) but these differences were not consistent throughout the study. In general, a program that did best in one setting, did not do best in another, and no very clear overall "best" program emerged. These results support the "consensus" approach to the use of docking programs. 78, 79 
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